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Abstract—Sources of enhanced ionization in the Space Shuttle environment are considered, with particular
emphasis on the plausibility of a plasma discharge resulting from the Critical lonization Velocity (CIV)
mechanism. These sources are then compared with ion loss processes. It is found that within the shuttie } o
environment the loss of ions is faster than jon production from C1V, leading to the conclusion that the
observed enhancement in ionization arises from sources other than plasma interactions. It is suggested that
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the seemingly anomalous ionization levels can be attributed to firings of thrusters of the attitude control ¢
system. In addition, the connection between the shuttle glow phenomenon and the enhanced ionization is -
considered and found to be circumstantial and not causal, thereby strengthening the argument that the o
primary source of the shuttle glow is chemical interactions of atmospheric gases with surfaces or with L
surface-adsorbed gases. .
¥

INTRODUCTION

Measurements of the environment near the Space
Shuttle have indicated the presence of two unexpected
phenomena: the shuttle glow (Banks er al., 1983;
Mende e al., 1983) and regions of enhanced ion-
ization (Shawhan and Murphy, 1983 ; McMahon et
al., 1983; Siskind er al., 1984; Raitt et al., 1984:
Shawhan et al., 1984). A number of theories have
been proposed to explain the origin of the shuttle
glow. These theories and the shuttle glow phenom-
enon have been reviewed in several recent publications
(Green et al., 1985 ; Mende and Swenson, 1985 ; Kof-
sky and Barrett, 1986; Murad, 1987a, b). All but
one of the theories have invoked traditional chemical
reactions, either gas phase or gas—surface reactions,
which did not depend on the charged particle back-
ground. The one exception has been the plasma theory
of Papadopoulos (1984), which has made an associ-
ation between the shuttle glow phenomenon and
reports of enhanced ionization in the shuttle environ-
ment. In making that association, Papadopoulos
(1984) invoked the Critical lonization Velocity (CIV)
mechanism as a source of the enhanced ionization, a
consequence of which would be the excitation of ions
to upper electronic states. These excited molecular
and atomic ions would subsequently radiatively de-
excite in the atmosphere about the shuttle. On the
other hand, the most likely chemical explanation for
the origin of the glow is the excitation of NO, by
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the surface-catalyzed recombination of O and NO on "‘“?2
shuttle surfaces (Swenson e al., 1985). Supporting
this idea are the mass spectrometer data from the
Dynamic Explorer satellite (Engebretsen and Hedin,
1986) and from the Space Shuttle (von Zahn and
Murad. 1986) which suggest that, indeed, NO is pre- i
sent in sufficient quantities to be consistent with this CD
mechanism. '

We explore in this report the causal connection .
between the observations of enhanced ionization and
the shuttie glow and examine in more detail the appli-  §
cability of the CIV hypothesis as a source of enhanced
ionization in the shuttie environment. Althoughc’-" >
others have questioned the connection from an obser- — ~
vational standpoint (Kofsky, 1984; Yee er al.. 1984 ¢
Slanger, 1986), we consider here the fundamental pro- +
cesses which sustain and drive CIV discharges, and , )
examine the likelihood of its occurrence on the shuttle. -
The CIV theory, which was used by Papadopoulos, |
was first suggested by Alfvén (1954) as the cornerstone ; .-4
of his, theory for the formation of the solar system.
The basis of his argument was that a neutral gas,
travélling transverse to a magnetized plasma at a rela-
tive velocity ¢ 2> a critical velocity ¢*, is ionized. ¢* is
given by 13.9,/(/P/M), where 13.9 is a conversion
constant, IP is the ionization potential of the neutral
atom in electronvolts, and M the mass in amu. A serics
of laboratory experiments using homopolar devices
(Alfvén, 1960 ; Fahleson, 1961) and neutral beams
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(Danielsson, 1970, 1973) have provided strong evi-
dence for the existence of CIV. Reviews of the experi-
mental evidence and of the theory have recently been
published by Danielsson (1973) and Newell (1985),
respectively.

This report is divided into several sections which
detail the requirements for the discharge to proceed
within the finite geometry of the shuttle and in the
presence of plasma loss processes. An alternate mech-
anism which could explain the observations of dis-
turbed plasma regions near the shuttle in the absence
of C1V is proposed. Finally. an estimate of the glow
intensity which is based solely on reported measure-
ments of the disturbed regions is compared to the
measured intensity of the glow and discussed.

DISCUSSION

(A) Plasma considerations

(1) Electron impact ionization times. It is implicit in
the CIV theory that ionization is initiated and propa-
gated by electron impact. Since the energy distribution
of electrons in the ionosphere is thermal in nature,
their energies are below the ionization potential of
all the elements. Thus, it is necessary to generate
high energy tails if enhanced ionization is to occur
in the vicinity of the shuttle. The results reported by
McMahon et al. (1983) indicate that there is an en-
hancement in clectron densities for ¢lectrons in the
range 20-100 eV. We consider here the case of an elec-
tron having an average energy of 50 eV, at which
value the electron impact ionization cross-section is
about 1(—17)+ cm’® for gaseous species such as N,,
although for metals it can be appreciably higher
(Mirk, 1985). The ionization time, 1,, is given by :

t, = /[N-a(E) V(E)] m

where N is the neutral density, 6(E) the electron
impact ionization cross-section as a function of
energy, and ¥ the velocity of a hot electron. For a
neutral concentration of ~ 1(10) cm * ({cor-
responding to a pressure of 3(—7) torr], o(E) of
1(—17) ¢cm?, and a velocity of 1(8) cm s~ ', the ion-
ization time turns out to be about 0.1 s, thereby
placing an upper limit on the time scale of the loss
mechanisms. If the losses occur at shorter times,
then the discharge can not be sustained.

(i) Townsend'’s criterion. In order for the CIV
mechanism to proceed, there must exist a ‘‘seed”

+ Throughout this paper, a(b) denotes a x 10%,
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density of energetic clectrons within the discharge
region capable of ionizing the background gas. The
Townsend criterion stipulates that in order 1o sustain
a discharge, there must be on average at least one
electron impact ionization during the lifetime, 7, of an
electron within the discharge region. This implics
that an electron heated by a plasma process (as yet
undefined) has to have enough time to ionize another
neutral atom or molecule during its transit.

Within the theory of quasilinear plasma physics
(Formisano er al., 1982), it is calculated that thermal
electrons can absorb electrostatic wave energy to form
a high energy tail or plateau in their energy distri-
bution. The formation of this hot tail, rather than
bulk electron heating, renders the heated electrons
energetic enough to cause ionization of the neutral
gas. Only a small fraction, «. of the total population
of electrons migrates into the tail, while the bulk of
the electron population is essentially unheated. as
illustrated in Fig. 1. The unheated electrons, in con-
trast to those in the tail, have insufficient energy to
ionize the neutral gas. Consequently. the Townsend
criterion needs to be modified so that a heated clectron
has to make at least 2 ' ionizations during its lifetime.
1,. within the discharge region. Mathematically, the
meadified Townsend criterion becomes :

'+l <y Q)

where 7, is the ionization time. and L is the transverse
dimension of the discharge region. The time. 7,. of a
heated clectron in the discharge region is given by :

=LV (R)]

Tanaka and Papadopoulos (1982) obtained the fol-
lowing expression for the electron heating time :

Ty ~ 30/(f)| H (4)

where )y is the lower hybrid frequency.

In the shuttle environment. equation (4) typicalily
yields t,; ~ 1-10 ms, depending on the ion mass and
the local magnetic field strength. To calculate the
inequality in equation (2), we use the following typical
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FiG. 1. ELECTRON ENERGY DISTRIBUTION RESULTING FROM
HEATING BY A PLASMA PROCESS.
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parameters: {(E) = 5-30 eV (Papadopoulos, 1984),
L~6 m and a2~001, N~1(10) cm ? and
g ~ 0.5(—16) cm®. As a result inequality (2) gives
about 2 s on the left side and about 6 us on the right ;
the two sides differ by orders of magnitude. Thus
Townsend’s criterion renders a sustained discharge
unlikely in this environment.

In order to examine the parametric dependence of
the modified Townsend criterion, equation (2), it is
convenient to define a ratio F:

FIN.V.L)y =2 ‘(t; +14)/1,. (3)

When F(N) £ I, equation (2) would be satisfied. Fig-
ure 2 shows the dependence of F(N) on the neutral
density, N, for various values of V starting from
that of ion sound velocity [V~ C, ~1(5) ecm s ';
Papadopoulos. 1984], while the parameter L is taken
as 6 m. F(N) is a monotonically-decreasing function,
because the probability of ionization increases as N
increases. The slope of F(N) decreases to zero
asymptotically, because at high N 1, becomes short
compared to the heating time, t,,. so that the latter
gradually becomes dominant. As a function of spatial
dimension, L, In F(L) decreases linearly with In L
(Fig. 3). Inthis figure, F(L)is plotted with N ~ 1(10)cm " *
(Narcisi et al.. 1983) and the same value of V as in
Fig. 2. F(L) is greater than unity until L becomes
quite large. This implies that CIV discharge can be sus-
tained only when L is very large (perhaps ~ | km).
The shuttle tail is only 6 m. Since the energy range
of a hot electron tail in the shuttle vicinity is esti-
mated to be 5-30 eV (Papadopoulos, 1984) the velo-
city V of a hot electron traversing a discharge region
is expected to be much greater than C,. With these
parametric values we conclude that F>» 1. A higher
neutral density, for example 1(11) cm ™ *, would not
change the conclusion. Therefore a discharge in the
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FiG. 2. VARIATION OF F (SEE TEXT FOR DEFINITION) AS A
FUNCTION OF NEUTRAL NUMBER DENSITY.
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shuttle environment is highly unlikely.

(iit) The ware vector triangle. The relevance of the
lower hybrid (LH) wave heating of electrons to the
CIV process has been studied by several authors
(Raadu. 1978 ; Galecv, 1981 ; Formisano et al.. 1982 ;
Papadopoulos, 1984. 1985 ; Abe and Machida, 1985
Machida and Goertz. 1986). Basic investigations of
the LH wave clectron heating have been performed
by McBride er al. (1972). McBride et al. (1972) and
Papadopoulos (1984) havc calculated that the
maximum efficiency of heating occurs at the wave
vector angle @ = 1. where 0 is given by :

0 = (k_tk}(Mm)'*. (6)

The wave vector & is related to the wavelength, /.
and to the hybrid frequency. ¢, 4. by :

k=2m/i )]
k = wyy/r (8)

where v is the beam velocity of the ions energizing the
Waves.
0 = 1 leads to a requirement that the size of the —————e—ce

wave vector triangle (Fig. 4) be: L
k. '~ (1kY(Mim)'*. 9

The size requirement for CIV in space has been dis- 8
cussed by Newell (1985) and Kelley er al. (1986)
in connection with the seemingly different obscrved
efficiencies for CIV in the laboratory (high efficiency)
and in space (low cfficiency). We ¢xamine below the
size requirement [equation (9)] for the case of homo-
polar devices and for the case of space experiments.
From equation (4) and taking the clectron heating
time, 1. to be 3 us (Fahleson, 1962) we obtain :

odes
i/or
i
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Wy ~ |(4) kHz. (]0)

Substituting this value of w, into equation (9), and
assuming v ~ 37 km s~ ' for H, (Fahleson, 1962), we
obtain 4 ~ 14 cm, which is smaller than the dimen-
sions of a homopolar device (Fahleson, 1962, gives
dimensions of 15 cm height x 20 cm radius).

For the Space Shuttle conditions, substituting
wpy ~ 3.6 kHz (Kelley et al., 1986) and ¢ ~ 2x 7.3
kms ', weobtain i ~ 1 km, which agrees with Kelley
et al. (1986). This is about two orders of magnitude
larger than the Space Shuttle tail cross-section. In
other words, the wave vector triangle does not fit into
the transverse direction of the ion beam.

(iv) Ware vector condition for a finite system. We
consider here the case of a system with finite dimen-
sions having a simple configuration as shown in Fig.
Sa: the ambient magnetic field B is parallel to the z-
axis and the ion beam parallel to the x-direction. The
stability analysis seeks a solution of the form

an

resulting in an eigenvalue problem of the form (see
Appendix)

(d/dz){e.(2)ldo(2)/dz]} + T(2) = 0

¢ = o(2) exp (—iwt +ikx)

12)
where
T = — k% (k, »), (13

¢ is the plasma wave potential, & the wavc vector
(= k. in this gecometry), w the wave frequency, and £
the dielectric function.

The ecigenvalue equation, (13), can be solved for
given simple density profiles. We consider a square
density profile (Fig. 5b), in which the plasma densities
are n inside the beam (Region I) and n, outside the
beam (Regions {1 and 111), while the boundaries of
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F1G. 5a. COORDINATES FOR A SIMPLE MODEL OF A FINITE-SIZED

BEAM PROPAGATING ALONG THE K-DIRECTION PERPENDICULAR

TO THE AMBIENT MAGNETIC FIELD B, WHICH IS IN THE =-
DIRECTION.
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F1G. 5b. A SIMPLE DENSITY PROFILE.

the beam are z = + L. For this case equation (12)
reduces to (see Appendix)

do/dz*-Tp=0 (14)

where
Mk, w) = ke (k. w)'e.(k, ). (15

The appropriate boundary conditions arc ¢ being
finite at infinity and ¢ as well as dg/d- being con-
tinuous at the beam boundaries. Aside from the trivial
solution ¢ = 0. we obtain, as shown in the Appendix.
the condition

IlNtanh(I'L) = -1,

where Iy is the function I in Region 11 (or 1I1), where
the density is n,. Using this simple density profilec we
have solved equation (16) numerically; the model
assumes a finite k, and no k; [see equations (A1)
and (A2) in the Appendix). Numerical results are
shown in Figs. 6a and 6b. In the infinite beam limit
(kL - o0). the maximum growth rate (Im w/w, ~
0.19) occurs at kr/w; ~ 0.8 (Fig. 6a). Figure 6b
shows the finite beam case where the growth ratc
(Imw/w) at ke/o; ~ 0.8 is plotted as a function
of kL ; Im w/w, reaches an asymptotic value of 0.19 as
kL — oo, which agrees with the infinite beam result in
Fig. 6a. It is interesting to observe that in Fig. 6b
the instability growth rate. Imw/w,, decreases with

(16)
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FIG. 6a. DISPERSION RELATION OF A SIMPLE MODEL OF AN
INFINITE BEAM PROPAGATING PERPENDICULAR TQ THE AMBIENT
MAGNETIC FIELD.

The imaginary root Imw corresponds to the Re branch
that starts at @ = 0. Max [Imw/w;] ~ 0.19 occurs at about
kvjoy; ~ 0.8. The parameters used are Q/w, =1, and
ny/ny, = 0.1. The ions are O .
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Fi. 6b. NUMERICAL SOLUTIONS OF EQUATION (16) as
FUNCTIONS OF FINITE kL.

The parameters used are the same as in Fig. 6a, with

kr/w, = 0.8. Notice that the growth rate, Im w/w;, decreases

as kL decreases, and that in the kL — oc limit, one recovers

the maximum growth rate Im w/w; ~ 0.19, agreeing with the
results in Fig. 6a.

decreasing kL. For example, taking a shuttle tail
dimension of 2L ~ 6 m and a wavelength, 4, ~ 6 m
(i.e. kL ~ n). the instability growth rate is reduced to

~ 1/5 of that in the infinite plasma case. For longer
wavelengths, the growth rate would be even lower.
This result suggests that long wavelength plasma
instabilities obtained using infinite plasma theories
may be rendered inappropriate (i.e. inefficient) by the
finite spatial extent of the surfaces.

(B) Ion loss mechanism

(i) Diffusion. Jonization generated by the CIV pro-
cess in the vicinity of the Space Shuttle can be lost by
diffusion. If the diffusion time is shorter than the
jonization time, then the plasma density cannot be
increased. Parallel to a magnetic field, diffusion of a
plasma with a neutral gas background is governed
by the ambipolar diffusion process. The ambipolar
diffusion coefficient, D,, is ~ 2D.. where D, is given
by:

D, = kT, /My = kT,jiM*N-q6,,°t]  (17)

where M. N. r, and o,, are the ion mass, number
density, velocity, and ion-neutral collision cross-
section, respectively. Across a magnetic field. B,
diffusion of a plasma is given, approximately. by
Bohm’s semi-empirical formula (Chen, 1974):

D, =kT./(16-¢" B). (18)

In order to estimate the magnitude of this loss pro-
cess, we consider the case where k7T, 2 30 eV. 82 0.3
G. M =16, and 6,,  1(—15) cm® (Hamilton and
Knewstubb, 1984). The scale length is taken as 6 m.
which is approximately the length of the shutile 1ail
as well as the gyroradius of an ion with about the
shuttle speed. For a simple cylindrical geometry. the
diffusion time, 14 = R*/(2D). where (Chen. 1974)

D= D,+DB. (19)

Figure 7 shows the competition between diffusion time
and electron impact ionization time. If we equate 7, to
14, We obtain a critical value for N. N, (the crossing
point in Fig. 7), above which ionization dominates
over diffusion, and below which diffusion dominates.
This value of N_ turns out to be ~ 5(9) cm °*.

(i) Dissociative electron -ion recombination. Once
CIV has occurred, the discharge will be quenched if
the electron and ion densities exceed a value whose
magnitude depends on the recombination cocefficient.
Radiative recombination of atomic ions:

At +e—-> A+ hv (20)

where 4 is an atomic ion, is exoeedingly slow, &, being
~4(—12) cm® molec ' s ' (Bates and Dalgarno.
1962 ; Dunn et al., 1984). However. the rate cocflicient
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for dissociative recombination :

AB* +e > A+ B 2n

where AB is a generic molecular ion, is much larger,
k., being of the order of 1(—6) to I(—7) cm* molec '
s ' (Bates, 1979 ; McGowan and Mitchell, 1984). The
increased pressure near the shuttle is due to molecular
contaminants such as H,O and CO, (Wulf and von
Zahn, 1986), and measurements suggest that ions
from these molecules (Narcisi ez al., 1983 ; Grebowsky
et al., 1988) are the primary sources of enhanced
tonization. Loss by electron-ion recombination would
involve these contaminants, as discussed recently (Murad
and Lai, 1986). Briefly, there are three immediate
consequences of this loss mechanism: (1) the density
of electrons, crucial in sustaining the chain ionization
process, is reduced by recombination; (2) consider-
able energy loss by hot electrons is lost as a result of
radiation liberated in reaction (21); and (3) a lower-
ing of the mass of the neutral species would result
in a corresponding increase of the critical velocity
threshold discussed earlier (Axnis, 1978). Depending
on the parametric conditions, CIV may proceed in an
oscillatory manner, or it may be completely quenched
(Lai et al., work in progress). If the relative velocity
between the neutral gas and the plasma is not high
enough to replenish the losses, the discharge process
would be quenched. In the case of the Space Shuttle.
the energy budget of C1V is already marginal ; it relies
on the 8% ambient ions (Papadopoulos, 1983, 1984)
reflected on the ram side of the Space Shuttle. Any
loss mechanism would make the initiation of the C1V
discharge even more difficult.
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(iii) Line excitation. Neutral species can be excited
to allowed electronic states by electron bombardment,
which would, in turn, radiate very fast (within a few
nanoseconds). The net effect of such a process is to
cool the electrons; Newell and Torbert (1985) have
calculated that nearly 50% of the electron energy is
lost in neutral heating in the shuttle environment. This
becomes a substantial loss mechanism which would
adversely affect an already-marginal CIV energy
budget, as discussed above. A loss of 50% of the
energy would tend to quench the nascent discharge.
A more detailed study of neutral excitation and de-
excitation processes in molecutar CIV systems is in
progress (Murad. 1987a ; Lai et al., 1988).

CONCLUSIONS

(A) lonization

The origin of the observed enhancement in ion-
ization in the vicinity of the Space Shuttle is prob-
lematic. since. as discussed above. CIV is unlikely to
be sustained in the vicinity of the Space Shuttle. This
conclusion then requires an alternative explanation
for the origin of ionization in the vicinity of the Space
Shuttle. A likely source is from thruster firings. since
mass spectrometric measurements in the bay of the
Space Shuttle indicate a direct correlation between
densities of ions (Narcisi et al.. 1983 ; Grebowsky et
al., 1987) and neutrals (Narcisi ef al.. 1983; Wuif and
von Zahn, 1986) with thruster firings. While the flow
fields from thrusters to the shuttle bay are not known
at this time, it scems reasonable to attribute the
observed enhancement in ionization level to large
amounts of ions released in the exhaust of thruster
engines.

(B) Glow

Mende and Swenson (1985) have cstimated the
glow intensity to be 10-100 kR [I R = 1(6) photons
cm “s']. This corresponds to a photon cmission rate
of 1(10)-1(11) photons cm s ! per column length.
this being the length of the tail section of the Space
Shuttle (about 6 m). In the plasma mechanism the
ionization involves electron impact ionization and
excitation to upper electronic states of the ions:

i+ AB > (AB*)* +2¢ (22)
(AB*)* - AB* +hv.

AB is any ncutral species (atomic or molecular). ¢, a
fast electron. and (AB*)* an excited statc of AB".
The rate of formation of (AB*)* is given by
a5, V' le]:[4AB). where 6., is the cross-section for
reaction 22; V the velocity; [¢]. the concentration
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of fast electrons; and [4B] the concentration of the
neutral species AB. For CO, at an electron energy of
150 eV, as, is ~ 0.5(— 16) em® (Mentall et al., 1973).
At 20-30 ¢V, a3, is likely to be much smaller; a con-
servative estimate would be 1(— 17) cm®. For [e/], we
usc a value of 2(5) cm *, as has been reported by
McMabhon ¢t al. (1983), and for [4B] we use a value
of 1(10) cm *. Using V' ~ 1(8) cm s ', we calculate
the rate of formation of (4B*)* tobe 2(7)cm *s .
For a path length of 6 m. this density corresponds to
a column density of 1.2(10) moleculescm s '. If the
emission rate is high, e.g. 10%, then the predicted
intensity would have a maximum of 1.2(9) photons
cm “s ', or | kR. This corresponds to 0.1-0.01 of
the observed intensity. Thus we conclude that the
plasma hypothesis cannot explain the shuttle glow
phenomenon.

Yee et al. (1984) reached a similar conclusion based
on the lack of correlation of shuttle glow intensity
with plasma density. More recently., Slanger (1986)
found a lack of correlation with neutral density in the
V scction of the tail. Morcover, the near-continuum
nature of the glow (Swenson er al., 1985) has lent
credence to the suggestion that the glow is caused by
NO, formed by recombination on the surfaces of the
shuttle. Indeed. mass spectrometric data support this
finding (von Zahn and Murad. 1986). The nature of
the spectrum also argues against the plasma hypothe-
sis. as discussed in some detail by Kofsky (1984). For
example. the major contaminant on the Space Shuttle
is H.O. The spectrum of its ion, which would be
formed in rcaction (22), is a well defined band
system (Lew. 1976) contrary to the observation.

(C) Limits on ionization

Figure 7 shows a crossing between diffusion loss of
ions and generation of ions by electron impact at a
neutral density of ~ 5 x 10° cm . This corresponds
to the density at an altitude of ~ 240 km (U.S. Stan-
dard Atmosphere. 1976). At altitudes greater than this
ions will be lost by diffusion, while at lower altitudes.
it is likely that ionization will dominate diffusion.
At lower altitudes other loss mechanisms, such as
clectron-ion recombination. might become dominant.
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APPENDIX

Linear dispersion relation

Consider an infinite slab beam with density n and thickness
2L interacting with an infinite plasma density n, in the pres-
ence of a magnetic field B (Q = eB/mc) in the - direction,
which is perpendicular to the beam propagating with velocity
r in the x direction (sec Fig. 5a). For electrostatic per-
turbations of the form

vy = r(2)exp (— i+ ikx) (Al)
and
@ = @() exp (—iwr+ikx) (A2)
the equation of motion
m(dv,/dr) = e[E, + (1/e)(v, x B)]. (A3)
where E; = — V. and the continuity equation
mct+V-(ngv, +nv) =0 (Ad)
yield
dnn, = Wik /(@ ke) )
—(&/e)wi(fp/d)) jw -kt (AS)

where the plasma frequency o, [ = \/(4ne’n/m)] is a function
of the density, n(z). For scli-consistency, the quantities n,
and ¢ have to satisfy Gauss's equation :

Vip = —4nn,. (A6)
Eliminating n, from (A5) and (A6). one obtains
d/do)e.()d/da)e(:) + TP = 0 (AT
where
£.(2) = l —wl/(w—kr),
£(2) = 1 —o/[(w—-kr)*-Q?%, and
T = —k',(2). (A8)
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To recover the infinite limit for

#(2) ~ p(0)exp (—ik.2) (A9)
one obtains from (A7) and (A8) the dispersion relation
V~ofi(w—k ) (k. k):

+ol -k ) —Qk, k) =0 (A10)
where &* = k3 + k2.

Simple densiry profile

The ecigenvalue equation (A7) can be solved for a given
density profile. For the simplest case of perpendicular beam
propagation in a background plasma. we consider a square
density profile, where the beam is propagating in the x-
direction ; the density profile along the z-direction is dis-
played in Fig. 5b. The plasma densities are assumed to be
constant inside the beam (Region 1) and outside the beam
{Regions 11 and 111). The beam boundaries are at = = L and
— 1.

For this case of a square density profile, the plasma
frequency ), is constant (de./dz = 0) inside each region.
Equation (A7) becomes

d () dz—Te(z) =0 (AID)
where
I = k2 (2)ie.(2)- (A12)
The solution of equation (A11) now yields
@(z) =ac "4+ be'T Regionl (A13)

and

o(z) = ape " +b,e'  Regions H and L. (Al4)
Using the boundary conditions :
(1) ¢(x) is finite, and
(2) both ¢ and de/d= are continuous at - = L, — L.
we obtain. aside from the trivial solution of constant poten-
tial which is not of interest, the following dispersion relation :

Ttanh(I'L) = T, {ALS)
where T defined in (A12), is a function in the beam region
L. while I'; refers to regions 11 and 111, which are outside the
beam.

Taking into account both electron and ion contributions
explicitly, (A12) becomes
F? =k, (n.n.n)ie.(n.n.n) (A16)
and
i = ke (n.n.0)ic.(n.n,.0) (A1T)
where
e n.m) = | —ml (0 —Q2)
—o} o’ —of (o —ke) —QF] (AL8)
and
(e n. ) = l—nle’ —ol o’ -0l (—kr). (A19)
0 refers to the outside of the beam, o, is the background
plasma frequency, o, the ion-plasma frequency. , is the
background gyrofrequency, B the ambient magnetic field.
(0, = 4ne'n /M) the jon beam plasma frequency.
m, (n. = ny+m) the ion beam density. Q, the ion beam gyro-
frequency, ¢ the ion beam velocity, and & the wave vector.

The dispersion relation (AI5) is derived as described
previously.
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